Diabetic retinopathy (DR) is one of the earliest complications of chronic hyperglycemia and is a major cause of vision loss. Nearly all patients with type 1 diabetes mellitus and more than 60 % with chronic type 2 diabetes develop some degree of retinopathy after 10 years. Aldose reductase, the first enzyme in polyol pathway chiefly contributes to the development of diabetic retinopathy and other secondary complications. None of the currently available drugs used to inhibit the activity of aldose reductase is found to be ideal due to their adverse effects. Hence, the screening and identification of more effective and safer aldose reductase inhibitors from natural products have been critical requirement in the management and treatment of T2DM. Recently, we have reported the antidiabetic properties of phytochemicals such as Gymnemic acid, Trigonelline and Ferulic acid in high fat diet fed-low dose STZ induced experimental type 2 diabetes in rats. In the present study, the structure based computational method was employed to identify the in silico inhibitory effect of the above phytoingredients on aldose reductase activity. Auto Dock 4.2 is used to study the molecular interactions between the ligands and the receptor. The data obtained evidenced that the docking efficacy of the antidiabetic ligands which are comparable with fidarestat, the standard used in the present study. Thus, the antidiabetic properties of the above lead molecules may attribute to its aldose reductase inhibitory effect.
INTRODUCTION
Diabetes mellitus is a multifactorial, multisystemic metabolic disorder characterized by persistent elevation in fasting as well as post prandial blood glucose levels. It arises due to absolute lack of insulin secretion (T1DM) from the pancreatic β-cells or its action on peripheral tissues (T2DM) or both. More than 90% of the diabetics belong to T2DM. According to International Diabetic Federation (IDF), more than 415 million people worldwide had diabetes mellitus in 2015 and are expected to rise to 642 million in 2040 unless otherwise immediate preventive measures are initiated 1 . This is a minimum number because, for each diagnosed case, there will be one undiagnosed case in first world and eight in the third world countries. Diabetes mellitus can go undiagnosed until one of the life threatening complications develops. According to a report by the US National Health and Nutrition Examination Survey, nearly 60 % of patients with diabetes have more than one secondary complication caused by chronic diabetes 2 . About 85% of all diabetics develop retinopathy, 60-70% has mild to severe form of nerve damage and 25-50% develops kidney disease 3 . Diabetic retinopathy (DR) is the most severe secondary complication arises due to chronic hyperglycemia because it can result in irreversible blindness 4 . Nearly all patients with type 1 diabetes mellitus and more than 60 % with type 2 diabetes have some degree of retinopathy after 10 years 5 . Despite of DR causing eventual blindness, only a few visual or ophthalmic symptoms are developed until visual loss develops 6 . It is generally accepted that early metabolic abnormalities in the eyes resulting from chronic hyperglycemia strongly influence the development of DR 7 . Ocular diabetic complications include retinopathy, cataract and corneal epitheliopathy and loss of vision 8 . DR leads to increased retinal vasopermeability and breakdown of blood retinal barrier resulting in retinal haemorrhages, swelling, exudates and retinal detachment which are characterized by microaneurysms, inter-retinal oedema, haemorrhages, exudates and intraocular pathological neovasculization 6 . Several studies have shown that retinal pigment epithelial cells, glial cells and retinal pericytes undergo chronic hyperglycemia induced apoptosis through the activation of several proteins involved in apoptotic cell death including the members of the caspase and Bcl-2 family 9 . Under normoglycemic conditions approximately 3% of the glucose metabolized is routed through the polyol pathway 10 . However, under chronic hyperglycemic conditions, this pathway accounts for more than 30% of the glucose utilized 11 . Aldose reductase (alditol/NAD + oxidoreductase, E.C. 13 . AR is cytosolic, monomeric oxidase having a low affinity (High Km) for glucose. Its crystal structure has a single domain folded into an eight-stranded parallel α/β barrel motif, with the substrate binding site located in a cleft at the carboxy -terminal end of the β-barrel 14 . This sulfhydryl containing enzyme has the molecular weight ranging from 28 and 45 K contains 284-315 amino acid residues depending upon the species and the tissue from which the enzyme is isolated and that apparent isoenzymes of AR may exist 15, 16 . The enzyme molecule is nearly spherical as indicated by a frictional ratio f/fo of 1.14 17 . The human AR gene has been mapped to chromosome 7 region q35 18 . The gene extends over 18Kb and consists of 10 exons 19 . AR has been purified from several tissues including lens, placenta, brain, kidney, muscle and seminal vesicles from such sources as cow, rat, rabbit, pig, dog and human 20 . Retinal ganglion cells, muller glia, vascular pericytes and endothelial cells are endowed with aldose reductase in all species studied including humans 21 . However, antibodies raised against the purified enzymes reveal significant differences in cross-reactivity between species and perhaps even tissues 8 . Retinal capillary pericytes contain the enzyme AR and the accumulation of excess sorbitol catalysed by AR in pericytes has been implicated in their degeneration and selective apoptosis 22 . Pericyte degeneration is considered as the hall mark of early DR. Aldose reductase and the sorbitol pathway were first described in 1956 by Hers in the seminal vesicles where it generates fructose for sperms 23 . Its discovery in the lens by Van Heyningen indicated that this pathway was not merely restricted to reproductive tissues. Van Heyningen was the first to found polyols in sugar cataracts in 1959 24 . Adverse effects of the aldose reductase associated polyol pathway were first described by Kinoshita in the lens [25] [26] [27] . These studies formed the basis for the osmotic hypothesis of sugar cataract formation (polyol concept) indicating that the aldose reductase initiated intracellular accumulation of excess sorbitol that eventually leads to diabetic cataract formation. Though the affinity of hexokinase for glucose is greater than that of AR, when its activity is saturated by elevated levels of glucose 28 , sorbitol is formed more rapidly than it is converted to fructose, resulting in a net accumulation of sorbitol. However, galactose is much better substrate than glucose for AR and hence galactosemic animal model is often preferred to induce DR 29 . The harmful polyol pathway of glucose metabolism becomes active when the intracellular glucose levels are persistently elevated 30 . Sorbitol being an alcohol is polyhydroxylated and strongly hydrophilic 31 . Accumulation of sorbitol in the cells due to its poor penetration across membrane and inefficient metabolism results in the development of diabetic complications including DR 32 . The fructose produced by the polyol pathway gets phosphorylated to form fructose-3-phosphate 33 which is broken down to 3-deoxyglucosone; both compounds are powerful glycosylating agents that enter in the formation of AGEs 34 . Further, the usage of NADPH by aldose reductase may result in fewer co-factors available for glutathione reductase which is essential for the maintenance of the intracellular pool of non-enzymatic antioxidant, reduced glutathione (GSH) 35 . Similarly, the usage of NAD by sorbitol dehydrogenase leads to an increased ratio of NADH/NAD + , which has been termed as "pseudohypoxia" and linked to a multitude of metabolic and signaling changes known to alter major cellular functions 36 . It has been proposed that oxidation of sorbitol by NAD+ increases the cytosolic NADH: NAD + ratio, thereby inhibiting the activity of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and increasing the concentration of triose phosphate 35 . Raised triose phosphate levels could increase the formation of both methylglyoxal, a precursor of AGEs and Diacylglycerol (DAG) thus activating PKC. Further, the excess NADH may become a substrate for NADH oxidase and this would be a mechanism for the generation of intracellular ROS 37 . Thus, activation of the polyol pathway by altering intracellular tonicity, generating AGEs precursors and exposing cells to oxidative stress perhaps through decreased antioxidant defenses and generation of ROS can initiate and multiply several mechanisms of cellular damage. Polyols are osmolytes, compounds that poorly penetrate biological membranes, and thus, when they are formed and retained in the lens cells, they could cause an osmotic imbalance. The induction of osmotic stress from the excess intracellular accumulation of sugar alcohol (polyol) can lead to altered membrane permeability and subsequently to biochemical changes that result in the inhibition of cellular lesions, commonly known as the "polyol osmotic theory of sugar cataracts" 25, 26 . Because the polyol level is not sufficiently high to exert osmotic effects in other tissues, the polyol osmotic theory for sugar cataracts is thought not to apply to other diabetic complications. The contribution of polyol pathway to diabetic complications may be very much species, site and tissue dependent. However, several studies implicate a role for AR in the detoxification of aldehydes, the major bioactive products of lipid peroxidative [38] [39] [40] . While visual impairment in diabetic retinopathy may often be improved by photocoagulation or vitreous surgery, blindness cannot be prevented in all cases. Therefore, elucidating the mechanism for initiating AR is important so that specific methods for the prevention and/or treatment of diabetic retinopathy can be developed. AR inhibitors offer the possibility of preventing or arresting the progression of long term diabetic complications, despite the high glucose levels and hence with no risk of hypoglycemia, since they have no effect on blood glucose levels 41 . The first compound capable of modifying the cataractous process through the inhibition of AR was tetramethylene glutaric acid. However, the inability to penetrate membranes hinders its chemical use 26 . The inhibition of AR along with tight control of blood glucose levels at the early stages of diabetes may be beneficial in preventing pericyte degeneration in the retinal capillaries that can lead to the development and progression of diabetic retinopathy 4 . Several studies are aimed at dietary sources with AR inhibitory potential as a food based adjuvant therapy for improving the effectiveness of chemotherapeutic drugs. Currently known ARIs can be divided into four main classes according to their structure: (i) acetic acid derivatives (ii) cyclic amides (iii) phenolic derivatives and phenylsulfonyl nitromethane derivatives. Even though numerous clinical trials for the treatment of diabetic neuropathy have been conducted with the above derivates, they have resulted in the lack of observed efficacy 42 . Nature is a very important source of novel ligands of high chemical diversity, many of them possessing interesting biological activities and medicinal properties. In the context of the worldwide spread of diabetes, an intensive search for new lead molecules for the development of novel pharmacological therapeutics is extremely important 43 . Traditional Indian Medicines (TIMs) have been used for more than 2000 years in India and other Asian countries with the fundamental aim of targeting not only the treatment of diabetes but also the prevention of the secondary complications such as DR. A growing body of evidence has shown the benefit of combining TIMs with western treatment strategies 44 . Traditionally, "bloodvitalizing herbs" are used to treat microvascular related DR. Thus, the study of active compounds from the extract of traditional medicinal plants and the possible applicable mechanisms are warranted for better understanding the effect of phytochemicals in the treatment of DR 45 . Medicinal plants acts as a "stepping stone" for the discovery of novel pharmacologically active ligands 46 and remain an important source of material for maintaining good health with unparallel diversity which have improved the quality of life 47 . Medicinal plants are "gold mine" for novel ligands to be discovered 48, 49 . However, the mechanisms of action for most of the herbal medicines associated with modulating the harmful pathways have not been fully elucidated. Nevertheless, the experience not be ignored 50 . Current treatments of DR rarely improve visual function and are limited to surgical options in an advanced stage with excessive side effects and huge financial burden. Hence, emerging treatments possibly in combination with standard therapy may provide superior efficacy and safety profile for the prevention or treatment of DR 51 . Several experimental and clinical studies evidenced that the inhibition of aldose reductase activity can lead to the amelioration of diabetic retinopathy 52 . In this study, we have presented an in silico analysis on the inhibition of aldose reductase activity by the pharmacologically known phytochemicals such as gymnemic acid, trigonelline and ferulic acid. Recently, we have reported the hypoglycemic properties of the above phytochemicals. For the in silico analysis we have used Auto Dock 53 for the binding of ligands (Gymnemic acid, Trigonelline and Ferulic acid) and receptor (aldose reductase).
Computational Methods Preparation of receptor
Crystal structure of aldose reductase was obtained from the RSCB protein data bank. Preparation of aldose reductase with the Auto Dock Tools involved in the addition of hydrogen atoms to the target enzyme, which is a necessary step for the computation of partial atomic charges. Kollman united atom charges, salvation parameters and polar hydrogens were added into the receptor PDB file for the preparation of protein docking simulation.
Preparation of ligands
The phytochemicals such as Gymnemic acid, Trigonelline and Ferulic acid were considered as ligand molecules. The ligands were constructed using Chemsketch and then converted into PDB file format by adding the hydrogen bonds.
Auto Dock
The Graphical User Interface program "Auto-Dock Tools" was used to prepare, run and analyze the docking simulations. Auto Dock 4.2 is used to study the molecular interactions between the phytochemical ligands such as Gymnemic acid, Trigonelline and Ferulic acid and the enzyme receptor, aldose reductase. Auto Dock requires pre-calculated grid maps, one for each type of atom present in the flexible molecules being docked and its stores the potential energy arising from the interaction with rigid macromolecules. This grid must surround the region of interest in the rigid macromolecule. The grid box size was set at 126, 126 and 126 Å (x, y and z) to include all the amino acid residues which are present in rigid macromolecules. Auto Grid 4.2 Program, supplied with Auto Dock 4.2 was used to produce grid maps. The spacing between grid points was 0.375 angstroms. Auto Dock offers a variety of search algorithms to explore a given docking problem. In the present study, Lamarckian Genetic Algorithm (LGA) was chosen search for the best conformers. During the docking process, a maximum of 10 conformers was considered. The population size was set to 150 and the individuals were initialized randomly. Maximum number of energy evaluation was set to 500000, maximum number of generations 1000, maximum number of top individual that automatically survived set to 1, mutation rate of 0.02, crossover rate of 0.8, Step sizes were 0.2 Å for translations, 5.0° for quaternions and 5.0° for torsions. Cluster tolerance 0.5Aº, external grid energy 1000.0, max initial energy 0.0, max number of retries 10000 and 10 LGA runs were performed. Auto Dock results were analyzed to study the interactions and the binding energy of the docked structure. It was run several times to get various docked conformations and to analyze predicted docking energy. The best ligandreceptor structure from the docked structures was chosen based on the lowest energy and minimal solvent accessibility of the ligand. The docking results were visualized using the Acceryls Visualizer discovery studio tool.
RESULTS AND DISCUSSION
Activation of polyol pathway due to chronic hyperglycemia in diabetes has been implicated in the initiation and onset of secondary complications such as retinopathy, cataract, neuropathy, nephropathy, cardiovascular diseases and oxidative stress. Over expression of aldose reductase, the major rate limiting enzyme in the polyol pathway chiefly contribute to the development of diabetic retinopathy and hence the inhibition of aldose reductase activity is considered as a potential target for the prevention of most of the diabetic complications. A large number of molecules have been synthesized to inhibit aldose reductase activity. However, none is found to be ideal due to several drawbacks and others are still in clinical trials. Hence, the search for novel aldose reductase inhibitors preferably from plant origin with improved efficacy and safety continues. Recently, we have reported the antidiabetic properties of pharmacologically important phytochemicals such as gymnemic acid, trigonelline and ferulic acid in high fat diet fed -low dose STZ induced experimental type 2 diabetes in rats 54 . We have also found that the polyherbal preparation of the above three phytochemicals in the ratio of 2:3:1 exerts significant antidiabetic properties at a relatively less concentration 55 . Based on the results obtained through the in vivo experiments, the present study was aimed to identify the inhibitory potential of the above lead molecules against the activity of aldose reductase using in silico molecular docking studies. The efficacy of the phytoingredients was compared with fidarestat, an aldose reductase inhibitor. The chemical structures of the phytochemical ligands and the standard were presented in figure 1 . The in silico interaction between gymnemic acid and aldose reductase was presented as Figure 2 , table 2 and figure 4a, 4b, 4c and  table 3 respectively. The amino acids responsible for the binding of aldose reductase with the ligands trigonelline and ferulic acid were identified as ARG250, ARG250, MET1, MET1 and GLU71, ASP105, LYS154, LYS154 respectively. The data obtained for the binding energy of the standard fidarestat is represented as 5a, 5b, 5c and table 4 depicts the amino acids present in the active site of aldose reductase having the potential to bind with fidarestat as THR265, SER263, LYS262, LYS262 and ASN272. In the docking studies, if a compound shows lesser binding energy compare to the standard, it implies that the test compounds have higher activity. The docking poses were ranked according to their docking scores and both the ranked list of ligands and their corresponding binding poses are presented as table 5. The binding energy of the ligands was found to be -7.42, -5.77, -5.72, -5.59 for fidarestat, ferulic acid, gymnemic acid and trigonelline respectively. It is evidenced from the data obtained that the binding energy of all the three antidiabetic ligands possesses significant aldose reductase inhibitory activities which are comparable with the standard, fidarestat. Several reports are available in the literature regarding the aldose reductase inhibitory activity of various phytochemicals derived from traditionally important medicinal plants [56] [57] [58] . Further studies are in progress to evaluate through both in silico and in vitro studies to assess the modulatory effects of the above phytochemicals in the maintenance of normoglycemia during experimental diabetes. Further, the results of the in silico findings evidenced that lead molecules are capable of significantly reduce the intracellular sorbitol accumulation, which has been implicated in the pathogenesis of late-onset diabetic complications like retinopathy, neuropathy and nephropathy. Further studies are in progress to evaluate the effect of these phytochemicals on the activities of other relevant receptors involved in the secondary complications of diabetes mellitus.
CONCLUSION
In the present study, we have demonstrated the binding interactions between the phytochemicals such as Gymnemic acid, Trigonelline and Ferulic acid with Aldose reductase using Autodock. Based on the binding energies obtained, it can be concluded that the phytochemicals have enhanced binding sites, interactions and potent inhibitory effect on aldose reductase activity. The results also indicate that the significant antidiabetic properties of these phytochemicals may attribute to its aldose reductase inhibitory effects.
